Isoform selection of pyruvate kinase M (PKM), a glycolytic enzyme, influences fates of glucose-derived carbons in cellular metabolic networks. We recently developed novel mouse lines to study PKM isoform function and identified PKM1 as a potential target in a subset of human lung cancers. This work provides new insight into cancer metabolism. The glycolytic enzyme pyruvate kinase M (PKM) exists as two isoforms: PKM1, which is constitutively active and promotes glucose catabolism, and PKM2, which is activated only in response to increased levels of allosteric activator(s). The latter property ensures that PKM2 will maintain a lower rate of glycolysis flux to limit glucose oxidation relative to PKM1. Generally, expression of PKM1 and PKM2 is mutually exclusive in a given cell type, as isoforms are generated by alternative splicing of transcripts from a single gene. It has long been assumed that PKM2 is expressed embryonically in most organs/tissues and then replaced by PKM1 as development proceeds, although evidence for this switch is inconclusive. It has also been assumed that PKM1 expression is not compatible with proliferation and that PKM2 is the only isoform expressed in dividing cells. However, mouse genetic analysis has revealed discrepant findings: PKM2-specific knockout (PKM2-KO) mice, created by deletion of a PKM2-specific exon, develop normally and exhibit enhanced tumorigenesis in several experimental models.
The glycolytic enzyme pyruvate kinase M (PKM) exists as two isoforms: PKM1, which is constitutively active and promotes glucose catabolism, and PKM2, which is activated only in response to increased levels of allosteric activator(s). The latter property ensures that PKM2 will maintain a lower rate of glycolysis flux to limit glucose oxidation relative to PKM1. Generally, expression of PKM1 and PKM2 is mutually exclusive in a given cell type, as isoforms are generated by alternative splicing of transcripts from a single gene. It has long been assumed that PKM2 is expressed embryonically in most organs/tissues and then replaced by PKM1 as development proceeds, although evidence for this switch is inconclusive. It has also been assumed that PKM1 expression is not compatible with proliferation and that PKM2 is the only isoform expressed in dividing cells. However, mouse genetic analysis has revealed discrepant findings: PKM2-specific knockout (PKM2-KO) mice, created by deletion of a PKM2-specific exon, develop normally and exhibit enhanced tumorigenesis in several experimental models.
1,2 Importantly, PKM2-KO mice also display compensatory and partial expression of the more active isoform PKM1, at varying levels. [1] [2] [3] A major unanswered question then became, whether oncogenic phenotypes seen in PKM2-KO mice were due to increased or decreased PK activity? More specifically, it was unclear whether PKM2 activity is cancer-promoting or -suppressing. We addressed this question by evaluating PKM isoform function in novel mouse models. 4 Specifically, we used a knock-in (KI) rather than knock-out approach and developed mutant mouse lines specifically expressing PKM1 (PKM1-KI) or PKM2 (PKM2-KI) from the endogenous Pkm locus, a strategy that allowed tissue/cell type-specific PKM expression. Both types of homozygous KI mice developed normally, indicating that loss of one PKM isoform has minimal effect if the other isoform is present in sufficient levels. Interestingly, working in both geneticallyand chemically-induced models, we observed significantly enhanced tumor formation in PKM1-KI animals compared to WT or PKM2-KI mice. PKM1-KI mice showed enhanced KRAS-induced lung tumorigenesis and 7,12-dimethylbenz [a] anthracene-initiated various tumors, including liver tumors. Accordingly, others have reported enhanced liver tumorigenesis in PKM2-KO mice, an outcome attributable to a non-cell autonomous mechanism since these tumor cells express neither PKM1 nor PKM2. 1 In contrast, we observed PKM1-positive hepatocellular carcinoma nodules and several other types of tumors expressing PKM1 in PKM1-KI mice. Strikingly, PKM1-expressing tumor cells grew more rapidly than did PKM2-KI or WT cells in transplantation models. Based on this analysis, we conclude that PKM1 rather than PKM2 promotes tumor growth in a cell-intrinsic manner.
We next asked how PKM1 alters cellular metabolism. Using 13 C-glucose tracer experiments we showed that PKM1-expressing cells exhibit higher glucose flux into the lactate and the tricarboxylic acid cycle. Of note is that PKM1 did not impede biosynthetic glucose metabolism through the pentose phosphate pathway or nucleotide synthesis. Another key point was that PKM1-KI cells showed lower levels of total lactate, whereas PKM1 increased levels of glucose-derived lactate relative to WT and PKM2-KI, similar to a previous observation by Christofk. 5 Further study is needed to resolve this enigma, although impaired anaplerotic use of glutamine by PKM1-KI cells could underlie these outcomes.
When mitochondrial function is impaired, active aerobic metabolism can produce unfavorable by-products, such as reactive oxygen species (ROS). Thus, we analyzed mitochondrial properties in Pkm-KI contexts. Surprisingly, PKM2-KI cells contained more mitochondria than did PKM1-KI cells, but mitochondria were functionally impaired as revealed by decreased membrane potential and higher ROS production. This finding suggests that unhealthy mitochondria accumulate in PKM2 cells. Given that autophagy eliminates damaged mitochondria (in a process called mitophagy 6 ), we speculated that PKM1 activates autophagy/mitophagy more efficiently than does PKM2, contributing to malignancy. In support of this hypothesis, PKM1 cells showed higher autophagic activity than did PKM2 cells, and ablation of autophagy-related 7 (Atg7) gene, encoding an essential factor for autophagy, largely decreased growth of PKM1-expressing tumor cells. Overall, we conclude that autophagy/mitophagy is more active in PKM1-KI than in PKM2-KI cells, potentially conferring a metabolic advantage to PKM1 cells. Future studies should address mechanisms by which PKM1 activates autophagy.
Although we found that PKM1 can play a tumor-enhancing role if expressed in cancer cells, most human cancer cells express PKM2. Thus, we monitored cells of various cells of origin to determine whether tumors arising from PKM1-positive cells express PKM1 (Figure 1 ). Pulmonary neuroendocrine tumors (NETs) include a spectrum of tumors from low-grade carcinoid to high-grade large-cell neuroendocrine carcinoma (LCNEC) and small-cell lung cancer (SCLC). NETs account for about 15% of lung cancers, and patient prognosis in this subset is relatively poor compared to other lung cancers. Importantly, NETs reportedly originate from NE cells, which are PKM1-positive. 7 Strikingly, we observed that pulmonary NETs express Pkm1 and that Pkm1 expression is required for SCLC cell proliferation.
In summary, we report that expression of PKM1, rather than PKM2, activates glucose metabolism and boosts tumor growth cell-intrinsically in various models. Our results challenge the idea that limiting glucose catabolism by PKM2 is required to sustain biosynthetic metabolism and cell proliferation. However, we do not exclude the possibility that PKM2 confers some advantage(s) to tumor cells non-cell autonomously, as in case of autophagy, which plays a complex, sometimes dual role in carcinogenesis. 8 Nevertheless, PKM1 is potential new target for lung NET, one of the deadliest cancers known.
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